Using the binomial distribution, the effect of sample size on the variability among sample test results when sampling a lot with 1.0% genetically modified (GM) or biotech seed was evaluated. The coefficient of variation, cv, among 500-seed sample test results taken from a lot with truly 1.0% was computed to be 44.5%. Increasing sample size to 1000 seeds reduced the cv among sample test results to 31.5%. The effects of sample size and accept/reject limits on the buyer's risk (bad lots accepted) and the seller's risk (good lots rejected) was also evaluated assuming a tolerance of 1.0% GM seed. Increasing sample size decreases both the buyer's and seller's risks at the same time. Using an accept/reject limit below the regulatory tolerance decreases the buyer's risk, but increases the seller's risk. Using an accept/reject limit above the regulatory tolerance decreases the seller's risk but increases the buyer's risk.
T he value and acceptability of an agricultural commodity often depends on the magnitude of one or more attributes (such as percentage damaged seed or percentage genetically modified seed) in the lot (1) . Accurate estimation of the lot attribute can be difficult because not all seed in the lot can be inspected. In most cases, an attribute is measured in a random sample of seed taken from the bulk lot. It is then assumed that the lot attribute is equal to the measured sample value.
Because samples are selected in a random manner, sample test results will vary among replicate samples taken from the same lot (2) . Because of the random variation among sample test results taken from the same bulk lot, the true value of an attribute in a lot can never be determined with 100% certainty. If the variability among sample test results can be estimated, statistical methods exist to measure the uncertainty associated with estimating the true lot attribute.
In the case of acceptance sampling, determination of the exact magnitude of the lot attribute is not as important as being able to accurately classify lots into categories above or below some defined threshold (i.e., regulatory tolerance) based upon sample test results. A good lot is defined as having an attribute below a specified tolerance and a bad lot is defined as having an attribute above a specified tolerance. Because of the random variation found among replicated sample test results taken from the same lot, 2 types of mistakes can be made when classifying lots into categories above or below a specified tolerance. Some good lots will be rejected (seller's risk) by the sampling plan and some bad lots will be accepted (buyer's risk) by the sampling plan. To have an effective sampling program, these 2 risks should be evaluated and then minimized to levels acceptable to both the buyer and the seller of the lot.
A sampling plan is defined by the test procedure and the accept/reject limit. An overall test procedure may consist of several steps. For example, there is a sampling step where one or more samples are taken from the lot; a sample preparation step where the sample is comminuted in a mill and a small subsample of ground material is removed from the sample for analysis; and an analytical step where the attribute in the comminuted subsample is quantitated (3). The accept/reject limit is a threshold value (may or may not be equal to the tolerance) that determines in which category a lot is classified. If the sample test result is below the accept/reject limit, the lot is accepted; otherwise the lot is rejected.
The number of lots misclassified or the magnitude of the buyer's risk (bad lots accepted) and seller's risk (good lots rejected) is dependent upon the variability associated with the overall test procedure used to measure the attribute in the lot. The variability associated with the overall test procedure can be reduced by decreasing the variability associated with each step of the overall test procedure. The sampling variability can be reduced by increasing sample size (or number of sampling units); the sample preparation variability can be reduced by grinding the seed into smaller particle sizes and/or increasing subsample size; and the analytical variability can be reduced by increasing the number of aliquots quantitated.
The buyer's and seller's risks associated with a specific sampling plan are dependent upon the magnitude of the variability associated with the overall test procedure and the choice of accept/reject limit relative to the regulatory tolerance. The objective of this study is to theoretically demonstrate with the binomial distribution (a) the effect of increasing sample size on reducing variability and (b) the effect of both sample size and accept/reject limit on the magnitude of the buyer's and seller's risks. The classification of lots according to the percentage of biotech (GM) seed will be used as the example of testing lots for a specific attribute.
Experimental

Operating Characteristic Curve
As a consequence of a sampling plan, a lot is judged acceptable or unacceptable depending upon the analysis of samples drawn from the lot. A lot may be termed unacceptable when the sample test result, x, is above some predefined accept/reject limit, x a . A lot is termed acceptable when x <= x a . Lots with a GM percentage, C, will be accepted as good with a certain probability P(C) = P(× <= x a |C). A plot of P(C) versus C is called an operating characteristic (OC) curve. Figure 1 depicts the general shape of an OC curve. The area under the curve greater than the tolerance is indicative of the bad lots accepted or the buyer's risk and the area above the OC curve less than the tolerance is indicative of the good lots rejected or the seller's risk. The exact shape of the OC curve is uniquely defined by the accept/reject limit and the test procedure with designated values of sample size, degree of comminution, and type of analytical method used to quantitate the percent GM seed in the lot.
Variability
The total variability (s 2 t ), as measured by the variance, of the overall test procedure is assumed to be the sum of the sampling variance (s (1)
For this theoretical study, it is assumed that the variability associated with the sample preparation and analytical steps are negligible or zero and that the only variability associated with the test procedure results from the sampling step or sample size. It is also assumed that no biases are associated with the sample selection process and sampling variability is only a function of the number of seed in the sample.
Probability Distribution
It is assumed that the distribution among replicate sample test results can be described by the binomial probability distribution. From the binomial distribution, the probability of obtaining a GM sample test result, x <= x a , can be estimated. The binomial distribution is a discrete distribution (4) that predicts the probability that a sample of n seed will have exactly k GM seed. The probability distribution function is shown in equation 2.
where p is the decimal proportion of GM seed in the lot, (1-p) = q is the decimal portion non-GM seed in the lot, k is the number of GM seed in a sample of n seed. The cumulative binomial predicts the probability that a sample of n seed will have k or less GM seed in a sample. The cumulative distribution function is shown in equation 3.
The binomial distribution is completely described by the parameters p and n. For a binomial process, the mean, m, variance, s 2 , standard deviation, s, and the coefficient of variation, cv, among samples of n seed taken from a lot with p GM seed are defined below: 
The cumulative binomial distribution can be used to calculate the acceptance probabilities (OC curve) for lots with various proportions (p) of GM seed when using samples of various sizes and various accept/reject limits. Several parameters, such as tolerances, accept/reject limits, and sample sizes, have been chosen to calculate acceptance probabilities for various sampling plans. These parameters were chosen for examples only and can be easily changed to reflect other situations.
Results and Discussion
Variability Table 1 shows the variability one would expect among sample test results when using replicate samples of 100, 500, and 1000 seed (n) taken from a lot with 1.0% GM seed (p = 0.01). For example, a sample of 500 seed with 1% GM seed contains 5 GM seed. The variance, standard deviation, and coefficient of variation among sample test results of 500 seed samples taken from a lot with 1% GM seed are 5.0 seed 2 , 2.2 seeds, and 44.5%, respectively. Using a normal approximation, one would expect 95% of sample test results to vary about the true lot value of 1.0% from [(np ± 1.96s)/n] or from 0.11 to 1.89% GM seed. On a number of seed basis, the sample test results vary from 0.6 to 9.4 seed. Similar statistics are shown in Table 1 for several other sample sizes.
The range among sample test results, based on the percentage GM seed in the sample decreases as sample size increases. For example, replicate sample test results for 1000 seed samples will vary about the lot value of 1.0% from 0.37 to 1.63%. This is a much narrower range than when using samples of 100 seed. The effect of sample size on the range of sample test results is also shown in Figure 2 for sample sizes up to 5000 seeds. The range among sample test results decreases as sample size increases. However, the biggest rate of change occurs for the smaller sample sizes. The reason being that the variance is cut in half if the sample size is doubled. Increasing sample size by 1000 seed has a much more dramatic effect on reducing variability when increasing sample size from 100 to 1100 seed than when increasing sample size from 4000 to 5000 seed. At some point, it may not be the best use of resources to continue to increase sample size beyond a certain point.
Operating Characteristic Curve
An OC curve showing the percentage of lots accepted at different lot values (percentage GM seed) is shown in Figure 3 for a sampling plan that uses 100 seed and an accept/reject limit of 1.0% GM seed. The regulatory tolerance that divides good lots from bad lots in this example is assumed to be 1.0%. The shape of the OC curve is uniquely defined for the 100 seed sample and the accept/reject limit of 1.0%. The OC curve shows that most all lots with 0.2% or less GM seed are accepted by the sampling plan and most all lots with 5.0% or greater GM seed are rejected by the sampling plan. For good lots with GM percentages between 0.2 and 1.0, less than 100% of the lots are accepted by the 100-seed sampling plan. For example, about 92% of the lots with 0.40% GM seed are accepted or about 10% are rejected. Rejecting 10% of the lots at 0.40% GM seed is indicative of the seller's risk. For bad lots with GM percentages between 1.0 and 5.0, less than 100% of the lots are rejected by the 100-seed sampling plan. For example, about 20% of the lots with 3.0% GM seed are accepted or about 80% are rejected. Accepting 20% of the lots at 3.0% GM seed is indicative of the buyer's risk.
Sample Size
The acceptance probabilities associated with the 100-seed sample can be changed by increasing sample size. Figure 4 shows 3 OC curves for 3 sampling plans utilizing 100, 500, and 3000 seed samples and a common 1.0% accept/reject limit. As sample size increases, the OC curve becomes steeper in the region of the accept/reject limit or tolerance of 1.0%. For example, about 90, 95, and 100% of the lots with 0.50% GM seed are accepted as sample size is increased from 100 to 500 to 3000 seed, respectively. As a result, the seller's risk decreases as sample size increases because fewer good lots are rejected as sample size increases. A similar situation occurs for bad lots accepted. For example, 40, 8, and 0% of the lots with 2.0% GM seed are accepted as sample size is increased from 100 to 500 to 3000 seed, respectively. As a result, the buyer's risk decreases as sample size increases because fewer bad lots are accepted as sample size increases. Increasing sample size has the positive benefits of decreasing both the buyer's and seller's risks associated with classifying lots above and below a specified tolerance.
Multiple Samples
The above discussion on sample size assumes a single sample of n seed are taken from the lot. In some cases it is desirable to take multiple samples from a lot with each sample containing n seed. For example, instead of taking a single sample of 3000 seed from a lot, 3 samples of 1000 seed each can be taken from the lot. The single sample of 3000 seed provides the same performance (buyer's and seller's risks) as 3 samples of 1000 seed each if all 3 test results are averaged. However, if several samples of n seed are taken from a lot and each sample must meet an accept/reject limit (called an attribute sampling plan), then the performance of the attribute sampling plan is different from a sampling plan where multiple sample test results are averaged and compared with the accept/reject limit.
To demonstrate how to evaluate the acceptance probabilities associated with an attribute-sampling plan, 3 sampling plans where each plan uses a 1000 seed sample are described below. Plan 1 requires that only one of the 3 sample test results be less than or equal to the accept/reject limit of 1.0% GM seed to accept the lot; plan 2 requires 2 of the 3 sample test results be less than or equal to the accept/reject limit of 1.0% GM seed to accept the lot; and plan 3 requires all 3 sample test results be less than or equal to the accept/reject limit of 1.0% GM seed to accept the lot. A decision tree showing the different pathways that a lot can be accepted and how the accept probabilities are computed for each of the 3 plans are shown in Figure 5 . The probability that a single 1000 seed sample will test less than or equal to the accept/reject limit of 1.0% GM seed is a1. The reject probability r1 is equal to (1-a1) . It is assumed that the 3 samples are independent and that a1 = a2 = a3 and r1 = r2 = r3.
The probability of accepting a lot for a given GM lot value, C, for plan 1 is [a1 + (r1 × a2) + (r1 × r2 × a3)]. If any one of the 3 samples tests less than or equal to the accept/reject limit of 1.0% GM seed, the lot is accepted. It does not matter how much the remaining 2 samples exceed the accept/reject limit. The probability of accepting a lot for a given GM lot value C for plan 2 is [(a1 × a2) + (a1 × r2 × a3) + (r1 × a2 × a3)]. With plan 2, any 2 sample test results must test below the accept/reject limit for the lot to be accepted. The probability of accepting a lot for a given GM lot value C for plan 3 is (a1 × a2 × a3). All 3 sample test results must test less than or equal to the accept/reject limit. The OC curves for the 3 sampling plans are shown in Figure 6 with a regulatory tolerance of 1.0%. The OC curve for plan 1, requiring only one sample to test below the accept/reject limit, is shifted to the right of the tolerance and has the lowest seller's risk, but also has the highest buyer's risk. The seller is placing all of the risk on the buyer of the lot. While very few good lots are rejected by plan 1, many bad lots are accepted. The OC curve for plan 3, requiring all 3 samples to test below the accept/reject limit, is shifted to the left and has the highest seller's risk, but also has the lowest buyer's risk. For plan 3, the buyer is placing all the risk on the seller. While very few bad lots are accepted by plan 3, many good lots are rejected. Plan 2 represents a compromise in balancing the buyer's and seller's risks, requiring each to share in the misclassified of lots.
Accept/Reject Limit
Three OC curves depicting 3 sampling plans with accept/reject limits of 0.5, 1.0, and 1.5% GM seed and a common sample size of 1000 seed are shown in Figure 7 for a tolerance of 1.0%. As the accept/reject limit decreases from 1.5 to 1.0 to 0.5%, fewer lots at all percentage GM seed are accepted. This is illustrated by the fact that the OC curves shifts to the left as the accept/reject limit decreases. For example, 95, 59, and 7% of the lots at 1.00% GM seed are accepted as the accept/reject limit decreases from 1.5 to 1.0 to 0.5% GM seed, respectively. The sampling plan with an accept/reject limit of 0.5% accepts no lots at 1.5% GM seed or above. As a result, the buyer's risk is negligible, but the seller's risk is very high when using an accept/reject limit that is less than the regulatory tolerance. The sampling plan with an accept/reject limit of 1.5% accepts 100% of the lots at 0.7% GM seed or less. As a result, the seller's risk is negligible, but the buyer's risk is very high when using an accept/reject limit that is greater than the regulatory tolerance. Using accept/reject limits above and below the regulatory tolerance can reduce one of the 2 risks, but increases the other risk.
Conclusions
Because of the variability among sample test results, there is always uncertainty associated with estimating the true level of a lot attribute or classifying lots into categories above or be- low a tolerance by taking samples from the lot. The uncertainty leads to inaccurate estimates of the lot value or the misclassified of lots. It is important to be able to estimate the level of the buyer's and seller's risks associated with a sample design. Once the risk levels are known by the buyer and seller, they can reduce the risks to levels that are acceptable to both parties. Techniques using sample size and the accept/reject limit to reduce the buyer's and seller's risks were demonstrated. Increasing sample size decreases both the buyer's and seller's risk at the same time. Using an accept/reject limit below a specified tolerance will reduce the buyer's risk, but increase the seller's risk. Using an accept/reject limit above a specified tolerance will reduce the seller's risk, but increase the buyer's risk. The buyer and seller must weigh which course of action is best suited for their available resources.
